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Key Points: 
 First empirical study linking strong aeolian transport (ca. 5 tonnes) during a wind 
event with 3D complex surface responses inside a parabolic dune. 
 Airflow modelling predicted similar airflow dynamics (and therefore potential 
sediment transport) along the basin for a range of characteristic wind directions 
 Meso-scale contextualization revealed that short-term data were collected during a 
common type of event and were therefore significant for landform evolution. 
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Abstract 
Parabolic dunes are wide-spread aeolian landforms found in a variety of environments. Despite modelling 
advances and good understanding of how they evolve, there is limited empirical data on their dynamics at short 
time-scales of hours, and on how these dynamics relate to their medium-term evolution. This study presents the 
most comprehensive dataset to date on aeolian processes (airflow and sediment transport) inside a parabolic 
dune at an event-scale. This is coupled with information on elevation changes inside the landform to understand 
its morphological response to a single wind event. Results are contextualized against the medium-term (years) 
allowing us to investigate one of the most persistent conundrums in geomorphology, that of the significance of 
short-term findings for landform evolution. Our field data suggested three key findings: 1) sediment transport 
rates inside parabolic dunes correlate well with wind speeds rather than turbulence; 2) up to several tonnes of 
sand can move through these landforms in a few hours; 3) short-term elevation changes inside parabolic dunes 
can be complex and different from long-term net spatial patterns, including simultaneous erosion and 
accumulation along the same wall. Modeled airflow patterns along the basin were similar to those measured in 
situ for a range of common wind directions, demonstrating the potential for strong transport during multiple 
events. Meso-scale analyses suggested that the measured event was representative of the type of events 
potentially driving significant geomorphic changes over years, with supply-limiting conditions playing an 
important role in resultant flux amounts.  
 
1 Introduction 
 
Parabolic dunes are wide-spread and can be found in continental, desert, and coastal dune 
fields (Goudie, 2011). They are U or V-shaped landforms characterised by a depositional 
lobe downwind and vegetated trailing arms pointing upwind (Pye and Tsoar, 1990). Their 
formation and evolution depend on trade-offs between sediment availability, vegetation 
characteristics and wind regime (Yan and Baas, 2015), which makes them sensitive to 
changes both in environmental factors and human activities.  
 
Parabolic dunes play an important role in landscape ecology and dynamics. They can act as 
sand corridors and sediment sources for nearby dunes, and trigger dune field migration 
(Carter et al., 1990; Gares and Nordstrom, 1995; Hesp, 2002; Anderson and Walker, 2006). 
They also provide essential habitats for specialist species of flora and fauna (Houston, 2008; 
Smith and Lockwood, 2013). Because they respond to changes in environmental variables 
such as precipitation, temperature, and wind strength (Yan and Baas, 2015), parabolic dunes 
can become a proxy for previous climate and wind conditions (Hugenholtz et al., 2007; Kiss 
et al., 2012; Girardi and Davis, 2010). Their transformations into (and from) fully mobile 
barchan dunes and transverse dunes can be estimated based on changes to drought stress 
levels, changes to wind strength, and sediment budgets (Yan and Baas, 2015). Their 
efficiency to steer oblique incident airflows along their main axis limits, however, 
interpretation of past wind directions (Hansen et al., 2009), with past human impacts also 
complicating their evolution (Kiss et al., 2009). 
 
The morphology and diversity of parabolic dunes has been described widely around the 
world (see Yan and Baas, 2015 for detailed review), and has informed both quantitative (e.g., 
Györgyövics and Kiss, 2013) and qualitative classifications of parabolic dune types (the most 
widely used being that by Pye and Tsoar, 1990). The evolution of parabolic dunes, and their 
transformation from other dune types such as blowouts and barchans, has been simulated 
using eco-geomorphic models (e.g., Nield and Baas, 2009; Duran et al, 2008). However, 
actual empirical information about airflow dynamics and sediment transport inside parabolic 
dunes is rare, raising the question of how they actually respond to wind forcing when the 
wind blows over their surface. Much of the data gathered to-date consists of aerial 
photographic interpretations (e.g., Pye, 1982; Yurk et al., 2002), satellite imagery (e.g., Durán 
and Herrmann, 2006; Durán et al., 2008), topographic surveys (e.g., Hart et al., 2012; Smith 
  
© 2018 American Geophysical Union. All rights reserved. 
et al., 2017), erosion pins (e.g., Gares and Nordstrom, 1995; Byrne, 1997; Arens et al., 2004; 
Hansen et al., 2009) or a combination of these methods. These data have been used to provide 
valuable information on migration rates over measuring periods ranging from just over one 
year to several decades (see Table 1, Yan and Baas, 2015) or to inform the modelling of 
vegetation effects on airflow and transport (e.g., Durán et al., 2008). However, empirical data 
on aeolian sediment transport that can be used to validate process-based models and 
conceptual explanations of landform dynamics is still absent. These play an essential role in 
our understanding of system behaviour, and in providing a robust basis for testing the validity 
of modelling assumptions and therefore the reliability of modelling results (Davidson-Arnott 
et al., 2018). Finally, there is no information about the magnitude of elevation changes inside 
parabolic dunes in response to individual wind events, nor estimates of total sediment 
transported through these landforms when wind events occur. Questions around the 
relationship between sediment transport and wind characteristics inside complex aeolian 
landforms also remain unresolved.   
 
This article presents the most comprehensive empirical data set to date from within an active 
parabolic dune. The dataset consists of measurements of sediment flux, wind variables, and 
topographic changes inside the parabolic dune as a result of a single transport event. The 
significance of this transport event is assessed using meso-scale analyses of wind records and 
airflow modelling. This allows examination of the contribution of short-term findings to 
landform evolution in the medium-term, which establishes links between these two scales of 
observation (Sherman, 1995; Bauer and Sherman, 1999).   
 
2 Study Site 
 
The Ravenmeols Sandhills Local Nature Reserve, known locally as the ‘Devil’s Hole’, is in 
the Sefton Dunes, NW England, UK (Figure 1). Like other through-blowout-to-parabolic-
dune transitional landforms (e.g., Hansen et al., 2009), the Devil’s Hole is a parabolic dune 
with trailing arms that are connected to a tall, relic foredune. It originates from a coastal 
blowout that gradually elongated over the last 70 years at an average rate of 4.5 m yr
-1
 (Read, 
1995). The current landform is approximately 350 m long and 100 m wide, with a main 
longitudinal axis orientation of 250°SW to 70°NE, aligning with the prevailing regional wind 
direction from the SW (Figure 1, wind rose inset). The parabolic dune includes a deep 
deflation basin that is partially vegetated and close to the water-table, which leads to frequent 
flooding in wet winters (Smith and Lockwood, 2013). The walls have average slopes of 30-
35°, with maximum slopes at the S wall exceeding 65°. Rim heights range from 8.5 m (SW 
entry point) to over 18 m high (S wall) above the basin.    
 
[FIGURE 1 HERE] 
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3 Methods 
 
3.1 Short-term experiment  
 
3.1.1 Field data collection 
Field data were recorded on 22 October 2015 during an oblique wind event from the W (30° 
angle from main axis). A grid of instruments consisting of twenty-three, 3D ultrasonic 
anemometers (UAs) (Delgado-Fernandez et al., 2013), three load cell traps (Jackson, 1996), 
and eight Wenglor Laser Particle Counters (LPC; Davidson-Arnott et al., 2009) were located 
in the NE terminal half of the landform, which was free of vegetation (Figure 2). The 
instrumentation array covered a total area of 150 m by 100 m, the maximum reach permitted 
by power and communication cables. The setup allowed us to compare temporal and spatial 
transport patterns along the two walls and inside the basin during the wind event. To provide 
information on incident wind speed and direction a 2D sonic anemometer was deployed at 6 
m elevation at the SW entrance (Figure 1). 
 
[FIGURE 2 HERE] 
 
Instruments were deployed along a central (C) line connecting the beginning of the 
unvegetated basin (C1) with the depositional lobe (C6), and 2 transects perpendicular to the 
central line going from the basin up the N wall (N1-N7) and S wall (S1-8). Two additional 
anemometers were deployed to the N and S of the central line in the lobe (N8, S9). A total of 
three traps were co-located with UAs C2-4 along the central line, where slopes did not exceed 
16°. LPC sensors were co-located with UAs deployed up the S slope along transect 1, where 
steeper slopes made the deployment of traps impractical. An additional LPC (S2-3) was 
deployed between UAs S2-3 (Figure 2, 3).  
 
[FIGURE 3 HERE] 
 
UAs within the parabolic were positioned at an elevation of 0.4 m above the surface and with 
their UV plane orientated horizontally. UAs on top of the wall crests (N4, N7, S4, S8) were 
positioned 2 m above the surface to avoid interference with the dense vegetation below. UAs 
have recording ranges of 0-45 m s
-1
 and 0-359° for wind speed and direction, respectively. 
The design of the load cell sand traps followed that by Jackson (1996) and has been described 
by Lynch et al. (2013) and then a modified version used in Smyth et al. (2014). The traps 
were housed inside a 0.4 m cylindrical tube that was buried coplanar to the sediment surface. 
The funnel diameter of a trap is 0.25 m and weight resolution is 0.003 g. Wenglor (model 
YH08PCT8) LPC sensors are 80 mm fork-like sensors that can be easily deployed on slopes 
and that measure sand transport intensity as saltating grains cross the 0.6 mm laser beam 
between the LPC legs (Davidson-Arnott et al., 2009; Hugenholtz and Barchyn, 2011; Duarte-
Campos et al., 2017). These were oriented into the incoming wind direction at each location 
and positioned at 0.02 m above the surface. Both UAs and trap data were sampled at 20 Hz 
and streamed directly into a central interface computer located at the depositional lobe 
(Figure 3). LPC sensors and the 2D sonic were sampled at a frequency of 1 Hz by Onset 
HOBO data loggers located close to the instruments.   
 
Repeat topographic surveys of the study site were conducted using a FARO Focus 3D × 330 
terrestrial laser scanner (TLS), with a maximum scanning range of up to 330 m and ranging 
error of ±2 mm. A network of spherical targets, surveyed with a Trimble 5800 DGPS, was 
used to register multiple scan positions into a single point cloud and to overlay successive 
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surveys based on their geographic coordinates. TLS surveys were conducted prior to (20 
October 2015) and following (23 October 2015) the transport event. TLS point clouds were 
then converted into 0.1 × 0.1 m resolution raster surfaces. Systematic registration errors for 
both scan series were <0.01 m. However, in order to limit uncertainty within the 
measurements, values displaying <0.01 m change were removed. Values exceeding three 
standard deviations from the mean value (i.e., ±0.35 m), accounting for <5% of the total 
values, were considered outliers and were also removed. Furthermore, the surfaces were 
manually clipped, removing densely vegetated (i.e., the deflation basin and brink line) and 
highly obscured areas (i.e., shadow zones) that limited the ‘bare earth’ coverage of the 
measurements in these locations. These quality controls ensure topographic and volumetric 
measurements accurately report surficial changes by accounting for limitations in both the 
TLS system and survey design. 
 
3.1.2 Field data analysis 
Prior to analysis, the horizontal stream-wise component (u) of the wind vector was aligned 
with the geographical north at all locations (Smyth et al., 2014). Several wind parameters 
were subsequently calculated, including total wind speed (U, eq. 1) and horizontal direction 
(α, equation 2), turbulent kinetic energy (TKE, eq. 3) and coefficient of variation (CV, eq. 4): 
 
U = (u
2
 + v
2
 + w
2
)
0.5
           (1) 
 
α = atan(u,v)            (2) 
 
TKE = ½ (σu
2
 + σv
2
 + σw
2
)                                                                                            (3) 
 
CV = σ / mean wind speed                                                                                           (4) 
 
where u and v are the horizontal span-wise components of the wind and w is the vertical 
component of the wind vector, and σ is the standard deviation for each of the wind vector 
components. TKE provides a measure of turbulence intensity (Chapman et al., 2012) and CV 
is useful in complex airflow scenarios (e.g., Lynch et al., 2013). According to Smyth et al. 
(2014) both TKE and U correlate well with sediment transport when using 1-min averages, 
hence this sampling interval is used in the remainder of the paper (in line with other studies 
relevant in here, e.g. Hansen et al. (2009)). Since UAs were not aligned to the underlying 
surface, no attempt was made to perform quadrant analyses or to calculate Reynolds shear 
stress (Chapman et al., 2012; Lee and Baas, 2012).  
 
Sediment transport recorded by both traps and LPCs were expressed both as 1 s cumulative 
weights and cumulative counts, respectively, and as 1-min average transport intensities (in kg 
min
-1
) (Lynch et al., 2013; Smyth et al., 2014). Additionally, the Activity Parameter (AP; 
Davison-Arnott et al., 2012) was calculated for both traps and LPCs for every 1 min interval. 
AP values can range from 0.0 (no transport) to 1.0 (continuous transport) hence allowing 
quantification of the proportion of time when sediment transport is active at different 
locations. AP values permit quick analysis of transport activity between a variety of locations 
although differences in sampling resolution and path lengths prevent meaningful comparisons 
between LPCs and traps. Correlation between 1-min average wind and transport data was 
analysed using the Spearman’s Rank non-parametric test from the Real Statistic Resource 
Pack
©
 by Charles Zaiontz, which avoids distorted results of the association of two variables 
in the presence of outliers. Recent calibration of LPC sensors against traps in the wind tunnel 
shows that LPCs can be used to calculate sand transport rates (Barchyn et al., 2014). The 
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LPCs deployed here provided a reliable measure of transport intensity at the height and 
location of deployment. However, because they were not co-located with the traps it was not 
possible to calibrate them for absolute sediment transport rates (Martin et al., 2018). 
Estimations of actual transport rates from trap data in kg m
-1
 min
-1
 are discussed in section 
5.2. 
 
3.2 Numerical airflow modelling 
 
A total of three airflow numerical simulations were conducted to investigate wind dynamics 
inside the parabolic dune over a range of directions characteristic at this location (Figure 1). 
Computational fluid dynamic (CFD) modelling was used to enable a more detailed spatial 
spread of information on wind speeds and directions, with in-situ instrumentation helping 
validate the CFD model (Jackson et al., 2011, 2013; Smyth et al., 2011; Smyth 2016). 
Incident wind directions were 280° (+30° from the parabolic dune main axis and 
corresponding to the wind direction during the measured event), 250° (parallel to the main 
axis), and 220° (-30° from the main axis). To evaluate the accuracy of the modelled wind 
speed and direction, modelled and measured data for the 280° case were compared at the 23 
measuring points throughout the landform (Figure 2). Incident wind conditions during run 3 
were employed as the boundary conditions for the model as they measured the smallest 
variation in incident wind direction (Table 1). 
 
CFD modelling was performed in OpenFOAM using the SIMPLE (Semi-Implicit Method for 
Pressure Linked Equations) algorithm. This method produces a time-averaged solution, using 
the Reynolds-averaged Navier-Stokes equations (RANS). Turbulence was modelled using the 
Re-normalisation group (RNG) k-ε method as it compared well with measured wind flow 
over a large bowl blowout (Smyth et al., 2013). Inlet conditions at each boundary were 
defined assuming a constant shear velocity (u∗) value with height using equations 6, 7 and 8 
(Richards and Hoxey, 1993; Blocken et al., 2007): 
 
𝑈(𝑧) =  
𝑢∗
𝜅
ln (
𝑧+ 𝑧0
𝑧0
)                                            (5) 
 
𝑘(𝑧) =  
𝑢∗
2
√𝐶𝜇
                                       (6) 
 
𝜀(𝑧) =  
𝑢∗
3
𝜅(𝑧+𝑧0)
                                      (7) 
 
Where z is the height above the surface, κ is the von Karman constant (0.42), z0 is the surface 
roughness length and Cμ a constant of 0.09 (Richards and Hoxey, 1993). For all simulations, 
z0  was prescribed a uniform value of 0.17 m, the average z0 value calculated for an 
Ammophila arenaria vegetated slack (Levin et al., 2008). Wind flow was prescribed an 
incident speed of 15 m s
-1
, 10 m above the surface (u∗ =1.54 m s
-1
). The deflation basin of 
the parabolic was positioned in the centre of a 780 × 550 × 80 m, 7 × 10
5
 cell domain. Cell 
size decreased gradually from 40 × 40 × 40 m at the top of the domain to 5 × 5 × 5 m at the 
surface throughout the domain. The topographic surface of the model was provided by an 
airborne LiDAR survey conducted in 2014 by the UK Environment Agency (shown in Figure 
1B).  
 
3.3 Medium-term meteorological data 
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Hourly wind characteristics (speed and direction) and rainfall data were collected for a period 
of almost 2 years from May 2014 to March 2017 from a meteorological station at Crosby 
(UK Met Office), located 9 m above mean sea level and approximately 5 km south from the 
study site (Figure 1). The analyses followed the procedure by Delgado-Fernandez and 
Davidson-Arnott (2011) and Delgado-Fernandez (2011) (DFA method hence force), who 
isolated wind events potentially delivering sediment to coastal dunes based on the 
combination of thresholds limiting sediment movement. The DFA approach was originally 
designed for beach-dune systems and included thresholds for the presence of snow and ice, 
and minimum beach widths. Environmental settings at the Devil’s Hole are different from 
foredunes but it was possible to apply a simplified version of the DFA’s filtering technique 
using a threshold for wind speeds and surface moisture. The time series collected from the 
meteorological station was filtered to remove periods when transport was unlikely to occur 
because wind speed was below the threshold for dry sand or the surface was too wet. This 
allowed obtaining an estimate of the timing and frequency of Potential Transport Periods 
(PTPs; i.e., wind events capable of aeolian sediment transport). Short-term observations 
(section 4.1) indicate that the threshold for sediment transport at the site is about 5 m s
-1
. It 
was also assumed that no sediment transport occurred during hours with rainfall rates greater 
than 10 mm h
-1
, the equivalent to heavy showers as defined by the American Meteorological 
Society (2018).  
 
Once PTPs were isolated, their average wind speed and direction, duration, and potential 
transport rate was calculated. Following the DFA method, the magnitude of each PTP was 
obtained using the simple formula by Hsu (1974), modified below to calculate the total 
transport per event (Q, in kg m
-1
) using hourly wind speeds (Ui, in m s
-1
): 
 
𝑄 = ∑ 1.16 × 10−5 
𝑁
𝑖=1
𝑈𝑖
3 × 3600        (8) 
 
Events were finally classified into different magnitudes based on their transport potential, 
following Table 3 of Delgado-Fernandez and Davidson-Arnott (2011). 
 
4 Results 
 
4.1 Aeolian processes and morphological response at the short term 
 
4.1.1 Event description and incoming winds 
Hourly wind data from Crosby indicated that the wind event started in the evening of 21 
October 2015 and ended around 23:00 on 22 October 2015, with winds falling below 5 m s
-1
 
(Figure 4A). There was no rain during the event or on days before the experiment. Winds 
were recorded from 05:20 and some transport was observed from 07:40 but this was limited 
due to a relatively wet surface resulting from morning dew. Transport was generalized 
throughout the parabolic dune after 9:00 and was sampled during 3 runs which took place 
between 09:07 and 10:26 (Figure 4B). Hence analyses focus on this period of well-developed 
when most of the morphological change due to wind forcing occurred.   
 
[FIGURE 4 HERE] 
 
Wind speed and direction recorded by the 2D sonic anemometer at the entry of the blowout 
were similar during the three runs (Figure 4B). Mean wind speeds were only marginally 
stronger at 13.74 m s
-1
 during run 2 and more variable (σu = 1.21) during run 3 (Table 1).  
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[TABLE 1 HERE] 
 
4.1.2 Airflow dynamics inside the parabolic dune 
Wind directions were consistent from the W and aligned with the regional winds at the dune 
crests around the walls (Figure 5A). Inside the parabolic dune, wind directions were steered 
by the landform and parallel to the main axis in general. Winds were strongest at the S wall 
crest (12.5 - 14.6 m s
-1
) and upper slopes of the S wall (7-8 m
-1
). Winds along the basin were 
roughly 50% of those recorded at the crests, with acceleration up the stoss parabolic dune 
slope taking place more markedly in run 2 (from 6-8 m s
-1
). The N wall registered the lowest 
wind speeds mostly below the threshold of sand movement of 5 m s
-1
. Low to moderate wind 
speeds (4 – 7 m s-1) were recorded at the N crest.  
 
TKE values were consistently lowest along the N wall (<3 m
2
 s
-2
) and consistently largest 
along the S wall (5-7 m
2
 s
-2
) and S crests (6 to over 7 m
2
 s
-2
) (Figure 5B). The N crest 
recorded medium values of TKE (4 to 6 m
2
 s
-2
). The magnitude of TKE along the basin was 
below the average in all runs (typically 2 to 4 m
2
 s
-2
). As expected, general patterns of CV 
were opposite to U and TKE (Figure 5C). Largest CV values were found at the N wall 
(≈40%), followed by the S wall (≈25-30%). CV values decreased from 35% to 25% along the 
basin towards the depositional lobe. Differences were sharpest between the N and the S 
crests, with S4 recording the lowest CV (<14%) and N7 recording the highest CV values 
(>44%).   
 
[FIGURE 5 HERE] 
 
4.1.3 Spatial-temporal patterns of sediment transport 
 
Traps reached their maximum capacity of 3.5 kg within minutes hence limiting the run 
analysis duration (Table 1). The amount of sand collected by the traps over the first 14 
minutes of each run (the duration of the shortest run) is compared in Figure 6 (diagrams A, C-
F). No data are presented at trap C2 for run 1 due to instrument failure. Although traps 
collected very similar quantities of sand, there was a slight increase from trap C2 to C4, 
coinciding with small increases in U and decreases in TKE and CV values recorded by co-
located UAs. Wind speeds were strongest during run 2 (coinciding with the lowest TKE and 
CV values) and led to the largest amounts of transport collected by the traps (up to 0.238 kg 
min
-1
, Table 2).  
 
[FIGURE 6 HERE] 
 
Figure 6 (diagrams A, G-J) shows the total number of counts measured by LPCs during runs 
1-3 (period of 14 min to allow for comparisons between runs). No data are presented at LPC 
S2 for runs 2-3 due to the instrument malfunctioning. LPC S1 (lowest sensor of the transect) 
recorded the largest quantity of moving grains, followed by LPC S2. Transport was lowest at 
LPC S2-3 (middle slopes) followed by an increase towards the upper wall in S3, despite 
slopes exceeding 30° at this location (Figure 6B). Co-located UAs recorded, in general, 
increasing wind speeds from low (S1) towards upper sections of the wall (S3). Contrary to 
trends in the basin, increasing wind speeds at the S wall were coupled with increasing TKE 
values both spatially (from S1 to S3) and temporally (during run 3). The largest CV values 
were registered towards the middle section of the slope at S2. Average transport intensities 
and AP values for different runs are summarized in Table 2.  
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[TABLE 2 HERE] 
 
Run 2 (strongest wind speeds) was selected to further explore temporal transport patterns 
inside the parabolic dune in detail. Sediment input to the traps was large and constant over 
time (Figure 7A), with transport ranging from 0.13 to 0.34 kg min
-1
 (Figure 7B) and closely 
following temporal patterns of wind speeds (Figure 7C). TKE and CV values remained 
relatively low at all locations in the basin (Figures 7D and E). At the S wall, and following 
Figure 6, cumulative transport was consistently largest at S1 (lower slope) and lowest at S2-3 
(middle slope; Figure 7F). However, transport was more variable at S1 compared to S2-3 
(Figure 7G) with both locations subject to similar wind speeds, TKE and CV values (Figures 
7H-J). The strongest wind speeds were recorded at S3 and were related with a constant flux 
of sand grains at this location despite steep slopes. This coincided with the highest TKE and 
lowest CV values.   
 
[FIGURE 7 HERE] 
 
Figure 8 includes three examples of the relation between transport and wind variables at C3 
(parabolic dune basin), S1 (lower wall slope) and S3 (upper wall slope). Correlation 
coefficients for these and the rest of locations are included in Table 3. No significant 
correlations were found between transport and CV at any location, except for S3 (ρ ≥-0.60). 
S2 includes ρ values for run 1 only. In the absence of a co-located UA, correlations between 
LPC S2-3 and wind variables were explored using wind data from S2. This UA was 
approximately 4 m down slope, hence correlation coefficients for LPC S2-3 should be taken 
with caution. Significant correlation between flux and U was found at all locations with ρ 
≥0.70 on 14 out of 18 occasions. Correlation coefficients were lower for TKE vs. transport at 
the basin, with no significant correlations between TKE and transport at the S wall.  
 
[FIGURE 8 HERE] 
 
[TABLE 3 HERE] 
 
4.1.4 Patterns of erosion and deposition 
Changes in elevation of up to ±0.35 m were recorded by the TLS along the walls of the 
parabolic dune, with smaller or negligible changes in elevation along its basin (Figure 9). The 
traps along the basin recorded large quantities of sand transport, but this sand was in 
transition from downwind areas towards the lobe, hence generating no changes in surface 
height (Figure 10). The S wall registered both negative (upwind) and positive (downwind) 
elevation changes. There were no sensors at the upwind end, but visual observations showed 
strong transport (Supporting Information movie file delgadofernandez-ds01). With no 
incoming sediment available to replenish this area, the upwind section of the S wall eroded 
during the event resulting in negative elevation changes.  
 
A portion of the sediment eroded from the upwind section of the wall continued towards the 
depositional lobe, but another portion was directed by deflected winds upslope and towards 
the rim of the downwind section of the wall (Figure 10). Airflow accelerated up the wind-
facing wall slope and was associated with stronger transport intensity in S3 compared to S2-3 
(previous section). However, elevation changes recorded towards the downwind wall crest 
suggest a positive balance of sediment leading to accumulation (Figure 9). Sediment input 
was constant at this location with an abundant sand supply from upwind sources. Sediment 
output was however limited by steep slopes and the presence of vegetation in the upper 
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sections of the wall (Figure 10). Instead of bypassing the crest and depositing on the lee side 
of the wall rim (see Hesp and Hyde, 1996), large amounts of sediment were gradually ‘piled 
up’ towards the upper sections of the windward slope despite no signs of winds slowing 
down at this location, resulting in positive elevation changes of up to +0.3 m.  
 
The N wall also experienced positive and negative elevation changes but the patterns here 
were opposite to those of the S wall. Sediment input at the upwind section of the N wall was 
greater than output. There were no sensors at this end but visual observations (Supporting 
Information movie file delgadofernandez-ds01) and numerical simulations (Figure 12) 
indicated that this was an area of low wind speeds and therefore limited transport activity. 
There was however sediment input via slumping and airflow recirculation, gradually resulting 
in sediment deposition and positive elevation changes. Winds were stronger at the upwind 
end, with this area subject to both winds from inside the parabolic (Figure 6) and incoming 
westerly winds from outside the parabolic that were not deflected due to higher surface 
elevations (Figure 12). The parabolic was surrounded by vegetation and hence the only 
sediment available to replenish this section of the N wall was that transported by winds inside 
the landform and from the basin. Sediment input at this location was however not enough to 
compensate for sediment losses associated with strong incoming westerly winds, with net 
erosion reflecting a negative sediment balance.  
 
Finally, the pre-event TLS scan did not include the depositional lobe but qualitative 
observations suggest that this was the largest sink and that most of the sediment eroded from 
upwind areas accumulated here (Supporting Information movie file delgadofernandez-ds01).     
 
[FIGURE 9 HERE] 
 
[FIGURE 10 HERE] 
 
4.2 Modelled airflow for different incoming wind directions  
 
Validation results indicate that CFD simulations accurately replicate measured airflow 
dynamics in general (Figure 11), although modelled wind speeds were lower than measured 
wind speeds along the central axis of the landform (anemometers C1-C6). 
 
[FIGURE 11 HERE] 
 
Oblique winds from the W (280°) resulted in near-surface airflow patterns inside the 
parabolic dune that were similar to measured patterns (compare Figure 12A with Figure 5A), 
including steering along the basin and acceleration over the exposed south wall. The model 
also predicted reduction and reversal of near-surface wind flows in the lee of the upwind 
north wall, typical of highly turbulent airflows (Smyth et al., 2012; Delgado-Fernandez et al., 
2013). Simulations for both parallel and oblique from the S incident wind directions (Figure 
12B and 12C, respectively) suggested similar wind patterns inside the basin, with near-
surface airflows steered parallel to the main axis. Wind speeds along the N wall increased 
when this wall was facing the incoming winds (Figure 12C).  
 
[FIGURE 12 HERE] 
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4.3 Meso-scale contextualization of short-term results 
 
There was a total of 658 wind events (or PTPs) over the 22 months analysed. Most events 
(83%) were of very small or small magnitude, and only 8% were of large or very large 
magnitude (Figure 13A). The wind event described in this article was a medium magnitude 
event (yellow circle in Figure 130), with an average event frequency of 2.8 events per month.  
 
Following the DFA approach and based on ideas by Wolman and Miller (1960), PTPs were 
grouped into increasing wind speed categories (Table 2 of Delgado-Fernandez and Davidson-
Arnott, 2011) and plotted in Figure 13B, which allowed estimation of the type of wind events 
potentially responsible for most of the geomorphic work at the Devil’s Hole (product of event 
duration, potential transport, and frequency). The maximum potential transport at the site was 
associated with events with an average wind speed of ≈ 10 m s-1 and durations ≈ 70 hours. 
The event sampled during the short experiment had an average wind speed of 9.5 m s
-1
, close 
to the mean wind speed characteristic of events potentially responsible for most of the 
geomorphic work at this location. The duration was relatively lower, at just over 30 hours, 
which reduced its transport potential compared to other events of similar wind speeds (dashed 
line in Figure 13B). Results indicate, however, that this was a common, medium-magnitude 
type of event, with average wind speeds that were significant relative to the ones dominating 
landform changes at the meso-scale.  
 
[FIGURE 13 HERE] 
 
 
5 Discussion 
 
5.1 Parabolic dune short-term behaviour 
 
General airflow dynamics presented in this study agree well with previous research inside 
parabolic dunes and trough blowouts (e.g., Hesp and Hyde, 1996; Fraser et al., 1998; Smyth 
et al., 2011, 2013; Hesp and Walker, 2012; Gares and Pease, 2015). Under oblique winds, the 
pre-established topography of a parabolic dune is highly efficient at steering the incoming 
winds such as the airflow inside the landform becomes parallel to its main axis (Byrne, 1997; 
Hesp and Pringle, 2001; Pease and Gares, 2013; Hansen et al., 2009). The airflow is then 
accelerated along the basin towards the depositional lobe, and up the wall facing the regional 
winds, with wind speeds at the crest in this location being roughly double of those measured 
at the basin (Figure 5). The wall sheltered from incoming winds is subject to low wind speeds 
because of airflow separation and reversal at this location (Smyth et al., 2013, 2014).  
 
While airflow dynamics have been well-documented, there is limited empirical data on 
transport dynamics, with previous studies either estimating transport rates from wind records 
(e.g., Hesp and Hyde, 1996) or from total sand accumulated on traps (e.g., Sun et al., 2016). 
Smyth et al. (2014) obtained high-frequency transport records inside a coastal blowout but 
these were during low wind speeds just above the threshold for sand movement, and hence of 
little significance in the longer term. Our results provide, for the first time, detailed high-
frequency transport dynamics during winds that are relevant for landform evolution (i.e., 
during a significant event of medium magnitude and frequency). Statistical analyses indicate 
that sediment transport correlated strongly with wind speeds rather than TKE or CV at all 
measuring locations inside the parabolic, contrary to findings during low wind speed 
conditions by Smyth et al. (2014). Transport along the central basin was large and 
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continuous, in line with estimations by Hesp and Hyde (1996). Transport was also large on 
the wall facing the incoming winds but displayed complex spatial patterns across a transect 
perpendicular to the main dune axis. Transport was largest close to the basin, it decreased 
towards the wall mid-slope, and increased again towards the rim despite steep slopes, likely 
because of a combination of strong wind speeds and high TKE values towards the upper 
sections of the exposed wall (Figure 7).  
 
The morphological response of a parabolic dune to a single wind event has not been explored 
to date. However, elevation changes of ± 0.3 m reported here are of the same order of 
magnitude than those reported by Hansen et al. (2009), who measured up to 0.75 m of sand 
deposition towards the crest of a parabolic dune in ≈ 2.5 months. Patterns of elevation 
changes described in Figure 9 reveal complex morphological dune responses that are not 
straightforward and that cannot be inferred from airflow dynamics alone, but from a 
combination of the presence or absence of upwind sources of sediment, wind, topography, 
and vegetation. Despite being known as ‘erosional’ walls, these areas simultaneously acted 
both as a sediment source (erosion) and sediment sink (deposition) at temporal scales of 
hours. Deposition was seen in sheltered areas with limited sediment transport (upwind N 
wall) and in areas facing incoming winds with well-developed transport (downwind S wall). 
In both cases, sediment input exceeded sediment output creating positive elevation changes, 
but the processes involved were different. In the first case, relatively slow reversed airflows 
contributed to accumulating sediment at the upwind N wall (with slumping from the crest 
seen at this location too). In the second case (downwind S wall), winds were strong enough to 
deliver large quantities of sediment from abundant upwind sources; we argue, however, that 
sediment output was limited by steep slopes (Ellis and Sherman, 2013) and other surface 
conditions including lumps of vegetation. Sediment deposition on the leeside of dune crests 
has been widely reported in the aeolian literature and specifically on parabolic dunes and 
blowouts (e.g., Carter et al., 1990; Hensen et al., 2009), with Hesp and Hyde (1996) 
describing a flow ‘escape’ mechanism consisting on roller vortices capable of transporting 
sand to the lee side of wall crest. Although further studies should be conducted at this or a 
similar site to investigate this process in detail, our results indicate that considerable amounts 
of sediment can accumulate on the wind-ward side of dune crests too.  
 
Sediment erosion inside the parabolic also resulted from an imbalance between sediment 
inputs and outputs, with not enough sand replenishing the downwind S wall section due to 
strong winds and a lack of upwind sediment sources, and with limited sediment input too at 
the upwind N wall. Strong transport along the basin did not result in any significant change in 
surface elevation at any of the traps locations, suggesting that the sand was in transit towards 
the lobe with similar amounts of sediment input and output at those locations.     
 
5.2 Parabolic dune long-term behaviour in response to events from different directions 
 
In general, results presented here indicate that oblique winds from the W (+30° from the main 
axis) had the ability to ‘switch on’ transport along the basin and the exposed S wall, with 
little to negligible activity on the N sheltered wall (Supporting Information movie file 
delgadofernandez-ds01). Field data during wind events with different directions were not 
available, but CFD simulations indicate that oblique winds from the opposite direction (-30° 
from the main axis) resulted in stronger airflows along the N wall (now exposed to regional 
wind directions). The S wall registered lower wind speeds during scenarios B-C (Figure 12). 
This is in general agreement with previous observations by Hesp and Hyde (1996) who 
identified different erosional zones depending on incident wind direction and blowout 
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topography. However, and while different wind directions have the ability of ‘switching 
transport on and off’ inside different areas of a blowout or parabolic dune, the morphological 
responses resulting from this transport are complex and not straightforward, because 
variables such as available sediment sources, vegetation patterns, and slopes can generate a 
diversity of outcomes (previous section). We argue that, in general, erosional walls of 
blowouts and parabolic dunes reflect net erosion as a result of multiple events with varying 
incoming wind directions. This net erosion, however, is the long-term result of complex 
processes at the short-scale.  
 
The meso-scale analyses indicated that the event measured here was representative of wind 
events shaping this particular landscape. The lack of TLS data over the entire parabolic dune 
(i.e., including the depositional lobe) prevent us from attempting the calculation of a 
migration rate at the event scale. However, it is possible to estimate the order of magnitude of 
the total amount of sand moved through the basin of the Devil’s Hole during the event. LPC 
records indicated that transport was sporadic from ca. 07:40, became well-established 
towards 09:00, and was constant for about 3.5 h until it stopped at approximately 12:30. The 
average transport recorded by the traps (runs 1-3) was 0.183 kg min
-1
, which can be 
expressed as a transport rate of 0.732 kg min
-1
 m
-1
 assuming that the amount trapped by the 
circular funnel of the trap was the same over its 0.25m diameter (following Smyth et al. 
(2014)). Near the centre of the funnel all grains are collected and deposited inside the trap but 
a portion of sand grains towards the margins of the funnel may bounce out and might not be 
intercepted by the trap, especially during strong winds. It is unlikely that a large portion of 
sand grains were lost due to this process but up-scaling trap data to 1 linear meter could have 
resulted in an underestimation of the average transport rate and hence reported transport rates 
should be considered conservative. The distance between LPC N1 and LPC S1 (both located 
at the lowest point in transects N and S respectively; Figure 2) was 26.9 m. Assuming this 
distance as the cross-section of the basin the total amount of sand moved through the 
parabolic was 4,137 kg (or 154 kg m
-1
). This estimate does not include sand moved along the 
walls nor the lower amounts of transport outside the 3.5 h considered here; hence it is very 
likely that the real amount of sand moved though the landform exceeds the calculated value. 
In other words, medium-frequency, common type of events at this location have the capacity 
of moving sand quantities in the order of several tonnes or more.  
 
5.3 Supply limiting factors and other variables involved in dune evolution 
 
This study focused on transport dynamics and elevation changes inside a parabolic dune 
during a wind event. This wind event was representative of many other at the medium-term 
(section 4.2) which allowed us to discuss the relevance of our short-term findings for longer-
term dune behavior. However, appropriate modelling of aeolian sediment transport in the 
long-term is beyond the scope of this article. First, and as described in the previous section, a 
total of 154 kg m
-1
 were estimated to move through the parabolic in 3.5 h. This was ≈ 3 times 
lower than predicted transport for the same period using wind data from Crosby, suggesting 
the need for further analyses before met station data can be used to calculate transport inside 
complex dune landforms. Second, information on the dynamics of multiple transport events is 
still needed. We can hypothesize that many of the PTPs identified in section 4.3 are likely to 
be affected by a variety of supply-limiting conditions, including moisture and water-table 
fluctuations (Delgado-Fernandez and Davidson-Arnott, 2011). However, we do not know the 
relative significance of these controls in the longer-term, with other variables such as snow 
and ice also generating seasonal complexities in cold winters (Hansen et al., 2009). Empirical 
information presented in this article could help inform the parameterization of sediment 
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transport and short-term elevation changes in future CFD modelling approaches. Finally, and 
at longer temporal scales involving the migration of these landforms, changes to vegetation 
cover (Durán et al. 2008; Baas and Nield, 2010) and human impact (Yan and Baas, 2015) 
should be considered too.  
 
6 Conclusion 
 
This study demonstrates the benefits of investigating short-term dune responses and linking 
these to the understanding of landform evolution. A short-term experiment consisting on a 
large grid of high-frequency instrumentation was carried out to quantify airflow dynamics 
and aeolian transport spatial-temporal patterns within a parabolic dune landform. The 
coupling of these with a pre- and post-event topographic survey allowed important insights 
into the complexities regulating dune behavior at the short-scale (i.e., when the wind blows). 
Results indicate, amongst other findings, that the ‘erosional walls’ are both erosional and 
depositional at the short-scale, that U is a better descriptor of transport rates than TKE under 
moderate to strong winds, and that the average wind event (medium magnitude, typical wind 
speeds and direction) can transport up to several tonnes of sand in just a few hours. The 
contextualization of the short-term experiment against the longer term gives an indication of 
how representative the measured event was at the meso-scale. Linking both scales provides 
support to future modelling both by informing these about processes leading to landform 
change and by preventing them from adopting incorrect assumptions (e.g., simplified 
predictions of surface elevation changes based on wind data alone). CFD can be a useful tool 
for exploring some of these connections in the absence of field data.  
 
Improved CFD numerical models capable of predicting aeolian transport and surface changes 
will be useful for analysing the effect of different wind events (Smyth, 2016). These will be 
important for predicting landform response to changing conditions as a result of climate 
change or different storm regimes. However, the absence of high-frequency, long-term 
observations of aeolian transport itself, and morphological changes as a result of this, 
continues to limit attempts to assess the effectiveness of wind events. While the meso-scale 
analyses included in this paper aided in the contextualization of short-term results, we do not 
know how many of the isolated wind events actually resulted in significant sediment 
movement. The absence of these types of datasets, as well as complementary data on supply-
limiting conditions, risks making incorrect assumptions of what type of events are ultimately 
driving landscape change. 
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Figure 1. Location of the Devil’s Hole, NW England. a) Aerial photograph (courtesy of 
Sefton Council) showing the main areas of the parabolic dune. b) Digital elevation model of 
the zone shown in panel A, including contours plotted at 2 m changes in elevation (2014 
LiDAR data from Geostore, UK Environment Agency). A 2D sonic anemometer (marked by 
an asterisk) was deployed at 6 m elevation at the SW entrance. The instrument grid was 
deployed at the NE terminal half (marked with a square). The wind rose shows predominant 
winds at this location using hourly wind data from the meteorological station at Crosby 
(section 3.2). 
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Figure 2. Grid of 3D ultrasonic anemometers along the central line (C1-6), N wall (N1-7), S 
wall (S1-8), and towards the lobe (N8-S9). Traps and Laser Particle Counters (LPC) were co-
located by UAs along the central line and transect 1. 
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Figure 3. Seaward (above) and landward (below) views of the Devil’s Hole and instrument 
grid.   
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Figure 4. a) Hourly wind data collected by a meteorological station in Crosby. Event lasted 
from the evening of the 21 October to midnight on the 22 October 2015. b) Wind conditions 
measured by the 2D sonic anemometer at the entry of the blowout during runs 1-3, during 
which transport was well-developed throughout the dune landform. 
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Figure 5. Average values recorded by the grid of UAs (magnitudes indicated by both colour 
and symbol size). a) Wind speed (U) and direction; b) turbulent kinetic energy (TKE); c) 
coefficient of variation (CV). Input winds at the entry point of the blowout (inset in run 1) 
were steady from the W during the three runs (Figure 4). 
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Figure 6. Spatial patterns of sand transport for all runs. a-b) Transport sampling locations 
and 2 m slope contours at the study site, including run 2 AP values in white (except for S2 
due to instrument malfunctioning); c-f) Total transport (kg) collected by the traps and average 
wind variables at co-located UAs; g-j) Total counts recorded by LPCs and average wind 
variables at co-located UAs. Run durations limited to 14 min for comparison purposes. 
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Figure 7. Temporal patterns of sand transport during run 2 for traps and co-located UAs (a-e) 
and LPC and co-located UAs (f-j). Cumulative weight (a) and counts (f) are displayed every 
1 s. The remaining of the data are 1min averages. q = transport; U = wind speed; TKE = 
turbulent kinetic energy; CV = wind coefficient of variation. 
  
  
© 2018 American Geophysical Union. All rights reserved. 
 
Figure 8. Scatter diagrams for transport vs. wind speed (U) or TKE at the basin (q, measured 
by trap C3), lower slope of the south wall (LPC S1), and upper slope of the south wall (LPC 
S3). Correlation values for all relationships between transport and wind variables are 
presented in Table 3.  
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Figure 9. Short-term elevation changes calculated by comparing the pre-event and post-event 
TLS scan, and overlaid average wind speeds (arrow size) and directions for run 2. Areas in 
black indicate no data collected and areas in grey were excluded from the analysis because of 
poor data quality or missing values in one of the scans.  
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Figure 10. Observed transport patterns along the S wall facing the regional wind direction. 
Incoming winds eroded the upwind section of the wall. A portion of the eroded sediment was 
transported along the basin towards the depositional lobe; another portion was transported by 
deflected winds up-slope towards the rim where it piled up against the upper sections of the 
wall.  
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Figure 11. Measured and modelled wind direction and wind speed arranged by location 
within the deflation basin. Anemometer codes along the x-axis refer to those presented in 
figure 2.  
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Figure 12. Simulated airflow patterns for three incident wind directions representative of 
wind events at the Devil’s Hole. Wind flow was calculated using Reynolds-averaged Navier-
Stokes (RANS) equations in the computational fluid dynamics toolbox OpenFOAM. Wind 
vectors show near-surface (1 m above the underlying terrain) airflow at 10 m intervals. 
Elevation contours are spaced at 2 m intervals. The location of LPCs and traps has been 
included to allow for comparisons with figures 5, 6, 9.  
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Figure 13. Classification of PTPs over 22 months at the Devil’s Hole, based on their 
magnitude or potential to transport sediment. The event measured during the short-term 
experiment described in this article was a medium magnitude event (yellow circle).  
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Table 1. Incoming wind characteristics for runs 3-5.   
RUN TIME DURATION 
(min) Ū (m s-1) σU (m s
-1
) dir mean (°) σdir (°) 
1 9:07-9:25 18 13.25 0.61 279.54 1.78 
2 9:33-9:47 14 13.74 0.86 278.02 2.15 
3 10:06-10:26 20 13.64 1.21 280.93 1.54 
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Table 2. Average per minute transport (traps and LPC), and associated activity parameters 
(AP) for all locations and runs.  
 Trap transport 
(kg min
-1
) 
Trap AP 
LPC transport 
(counts min
-1
) 
LPC AP 
RUN C2 C3 C4 C2 C3 C4 S1 S2 S2-3 S3 S1 S2 S2-3 S3 
1  0.136 0.187  1.00 1.00 21539 19302 6867 12017 0.83 0.83 0.70 0.82 
2 0.206 0.238 0.237 0.99 1.00 1.00 19429  9314 14648 0.77  0.70 0.82 
3 0.144 0.148 0.177 0.93 1.00 1.00 26580  13848 16080 0.88  0.74 0.81 
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Table 3. Spearmans’ Rank correlation coefficients for all transport sampling locations and 
runs. Transport data in kg min
-1
 (traps C2-C4) or counts min
-1
 (LPCs S1-S3), wind speed (U) 
in m s
-1
 and TKE in m
2
 s
-2
. NS: not significant (p >0.05). Empty cells indicate no available 
data due to instrument malfunctioning.  
 transport vs. U transport vs. TKE 
run 1 run 2 run 3 run 1 run 2 run 3 
C2  0.92 0.82  NS 0.56 
C3 0.92 0.91 0.72 NS 0.61 0.63 
C4 0.86 0.96 0.85 NS 0.75 0.61 
S1 0.90 0.66 0.77 NS NS 0.47 
S2 0.82   NS NS NS 
S2-3 0.52 0.66 0.76 NS NS NS 
S3 0.68 0.89 0.78 NS NS NS 
 
